. Coactivation of the antagonist muscle does not covary with steadiness in old adults. J Appl Physiol 89: 61-71, 2000.-The purpose of the study was to determine the association between steadiness and activation of the agonist and antagonist muscles during isometric and anisometric contractions. Young (n ϭ 14) and old (n ϭ 15) adults used the first dorsal interosseus muscle to perform constantforce and constant-load tasks (2.5, 5, 20, 50, and 75% maximum) with the left index finger. Steadiness was quantified as the coefficient of variation of force and the SD of acceleration normalized to the load lifted. The old adults were less steady at most target forces with isometric contractions (2.5, 5, and 50%) and with most loads during the anisometric contractions (2.5, 5, and 20%). Furthermore, the old adults were less steady when performing lengthening contractions (up to 50%) compared with shortening contractions, whereas there was no difference for young adults. The reduced steadiness exhibited by the old adults during these tasks was not associated with differences in the average level of agonist muscle electromyogram or with coactivation of the antagonist muscle.
NORMAL AGING RESULTS IN MANY physiological changes in the neuromuscular system, including the loss of motoneurons and the subsequent reorganization of motor unit territories (7, 11, 27) . One consequence of these adaptations is a decline in the ability to perform simple motor tasks, such as exerting a constant force during a submaximal isometric contraction (18, 23) . For example, the magnitude of the force fluctuations during isometric contractions by a hand muscle is greater for old adults compared with young adults (18) . Similarly, when using a hand muscle to lift light loads while performing a position-tracking task with the index finger, the old adults exhibit greater fluctuations in displacement compared with young adults (25) . On the basis of such findings, it appears that old adults are less steady than young adults when exerting low forces and lifting light loads.
There are at least two features of the neural drive to muscle that could account for differences in the magnitude of the fluctuations in force or acceleration during the performance of a task: the characteristics of the most recently recruited motor units (1, 8, 13) and the relative activation of the agonist and antagonist muscles (21, 30, 32, 33) . Because motor units appear to be recruited in ascending order of size and initial discharge rates are low, fluctuations in the net force are influenced by the discharge behavior of the most recently recruited motor units. This effect of the unfused tetani on the force fluctuations is greatest at low forces, when the relative contribution of a motor unit to the net force is greatest, and is greater in muscles with a narrow recruitment range (17) , such as occurs with the decline in motor unit number with age (7, 11) . Furthermore, adaptations that exaggerate size differences among motor units, such as short-term synchronization (10) and the reorganization that occurs with aging (7, 11, 27) , magnify the force fluctuations by increasing the relative contribution of individual motor units to the net force. Alternatively, fluctuations in force and acceleration could be produced by alternating activation of the agonist and antagonist muscles (32, 33) .
On the basis of these reports on coactivation during slow finger movements (32, 33) and heightened coactivation in old adults (30) , we hypothesized that the decline in steadiness with advancing age is due to enhanced coactivation of the antagonist muscle. The purpose of the study was to determine the association between steadiness and activation of the agonist and antagonist muscles during submaximal isometric and anisometric contractions. Subjects exerted constant forces by performing isometric contractions and lifted constant loads with anisometric contractions, and the steadiness of each performance was compared with the electromyogram (EMG) of the agonist and antagonist muscles. Some of these results have been presented previously (6, 14) .
METHODS
Twenty-nine healthy subjects (14 men, 15 women) participated in the study. The subjects were assigned to one of two experimental groups: an old group [n ϭ 15; 74 Ϯ 1.5 (SE) yr, range 66-82 yr] and a young group (n ϭ 14; 23 Ϯ 0.9 yr, range 19-30 yr). There were seven women in the old group and nine women in the young group. All subjects were righthand dominant and had no known neuromuscular disorders. The Institutional Review Board at the University of Colorado approved the experimental procedures, and each subject provided written consent before participating in the study.
Mechanical Recording
Each subject sat facing a computer monitor with the left arm abducted and the forearm pronated and resting on a platform (23) . The forearm, hand, and fingers were restrained as follows: 1) two Velcro straps immobilized the forearm, 2) a metal support surrounded the wrist to prevent rotation, 3) a Velcro strap held fingers 3-5 in place, 4) a metal thumb support maintained the thumb at an angle of ϳ1.0 rad from the index finger, 5) an aluminum splint maintained extension of the index finger, and 6) a metal brace prevented flexion of the index finger at the metacarpophalangeal joint.
For the isometric contractions, the left hand was positioned so that the proximal interphalangeal joint of the index finger was aligned with a force transducer (model 13, Sensotec) that monitored the abduction force exerted by the index finger. A low-sensitivity transducer (0.053 V/N, range 0-220 N) was used to measure forces Ͼ35% of the maximal voluntary contraction (MVC) force, whereas a more sensitive transducer (0.54 V/N, range 0-22 N) was used to monitor forces Ͻ35% of MVC force. For the anisometric contractions, the index finger was free to move in the abduction-adduction plane. An electrogoniometer (Biometrics K100, Penny & Giles) was placed on the dorsal surface of the index finger and wrist to measure the angular displacement about the first metacarpophalangeal joint. Additionally, an accelerometer (model 7265A-HS, Endevco; mass ϭ 6 g; linear range of acceleration response: Ϯ20 g; frequency response ϭ 0-500 Hz) was attached to the proximal interphalangeal joint of the index finger to record acceleration in the horizontal plane, which corresponded to an abduction-adduction movement.
Electrical Recording
The EMG of the first dorsal interosseus muscle of the left hand was recorded with bipolar surface electrodes (4-mm diameter; silver-silver chloride) placed ϳ10 mm apart on the skin above the belly of the muscle. A similar electrode, which served as the reference, was placed over the fifth metacarpal of the same hand.
A bipolar intramuscular electrode was used to record the EMG of the antagonist muscle, second palmar interosseus. The electrode was inserted ϳ2 cm proximal to the metacarpophalangeal joint of the index finger. The electrode consisted of two Formvar-insulated, stainless-steel wires (50-and 100-m diameter) that were threaded through a 25-gauge disposable needle. The needle was inserted into the muscle and then subsequently removed, leaving the wires in the muscle for the duration of the experimental session. Insertion of the intramuscular electrode into second palmar interosseus was verified by comparing the EMG during separate contractions of the second palmar and second dorsal interosseus muscles. Only those recordings showing no EMG activity during a maximal contraction of the second dorsal interosseus muscle were included in the analysis. Insertion of the electrode into second palmar interosseus was successful in 10 young and 9 old adults. A reference electrode (4-mm diameter; silver-silver chloride) was placed on the styloid process of the ulna. The surface EMG signals were amplified (ϫ1,000-10,000) and band-pass filtered (20-800 Hz). The intramuscular EMG signals were amplified (ϫ1,000-10,000) and band-pass filtered (0.1-5 kHz) before being recorded on a digital tape recorder.
Experimental Procedures
Each subject performed four tasks during an experimental session: 1) an isometric MVC with the first dorsal interosseus and the second palmar interosseus muscles, 2) an anisometric one-repetition maximum (1-RM) contraction with the first dorsal interosseous to lift the 1-RM load, 3) isometric constant-force contractions, and 4) anisometric constant-load contractions.
Isometric MVC force. With the index finger abducted 5°, subjects performed an isometric contraction with the first dorsal interosseus muscle that consisted of a gradual increase (ϳ3 s) in abduction force from zero to maximum. The force was held at maximum for 2-3 s. Subjects were instructed to follow a verbal count for the timing of the contraction and performed two to three trials until the maximum force exerted for at least two trials varied by Ͻ5%. The maximum value was used in the analysis. Subjects were given 60 s between trials. The MVC force exerted by the index finger in the adduction direction was performed in the same manner with the second palmar interosseus muscle.
1-RM load. The passive range of motion for the index finger about the metacarpophalangeal joint in the abductionadduction plane was determined (15-25°), and the displacement signal from the goniometer was displayed on the monitor. Cursors were positioned on the monitor to delineate the range of motion. A string attached around the subject's index finger and threaded over a pulley was connected to an inertial load that opposed abduction movements. Subjects were instructed to lift and lower the load slowly through the range of motion. The load was increased after each repetition until the subject could no longer complete the task. The maximal load that could be lifted over the complete range of motion was identified as the 1-RM load. Subjects were given 60 s between each attempt.
Constant-force task. Five target forces (2.5, 5, 20, 50, and 75% of MVC force) were determined for the isometric contractions. The target force and the force exerted by the index finger were displayed on the monitor. In a randomized order, subjects performed an isometric contraction and exerted an abduction force with the index finger to match the target force and were instructed to maintain the force as steady as possible for ϳ15 s. Once the exerted force reached the target, subjects were asked not to breathe for the duration of the contraction. This was done to minimize contamination of the force record by the respiratory rhythm. Subjects performed one trial at each force level, and all trials were performed with the index finger abducted by 5°.
Constant-load task. Five loads (2.5, 5, 20, 50, and 75% of 1-RM load) were raised and lowered with anisometric contractions. The angular position of the index finger was displayed on the monitor along with a triangular displacement template. Each subject was instructed to match the template by moving the index finger through the range of motion from the initial position (0°abducted). The duration of the movement was ϳ12 s, that is, 6 s to lift the constant load and 6 s to lower it. Each subject performed three consecutive trials with a load, and the order of the five loads was randomized.
Data Analysis
All signals monitored during the experiment were recorded on a digital tape recorder (Sony PC116; bandwidth direct current to 2.5 kHz). The data were transferred to a computer (CED 1401, Cambridge Electronics Design, Cam-bridge, UK) and analyzed off-line by using custom-developed software (Spike2). The sampling rate was 2 kHz for the EMG signals and 200 Hz for force, position, and acceleration.
For the MVC task, the dependent variables for each muscle were the peak force and the average amplitude of the full-wave rectified EMG (AEMG) for a 0.5-s window centered at the peak force. For the constant-force task, the dependent variables were the SD of force within a 10-s window, the coefficient of variation for force fluctuations (SD/mean ϫ 100), and the AEMG for both the first dorsal interosseus and the second palmar interosseus muscles within a 2-s window when the abduction force was relatively steady.
For the constant-load task, the dependent variables were the SD of acceleration and the AEMG for first dorsal interosseus and second palmar interosseus during the anisometric contractions. The SD of acceleration was measured for the middle 4 s of the lifting and lowering phases of the task. The SD was normalized to the load that was lifted (m ⅐ s Ϫ2 /kg). The AEMG was quantified as both a time course and as an average value for each phase of the trial. The AEMG time course was expressed as a set of ϳ150 average amplitudes, one for each contiguous 80-ms interval during the task. The average level of EMG during each phase was determined from the middle 0.5 s. The AEMG data were normalized to the value obtained for each muscle during the MVC task. Each subject performed three trials with each load, which were averaged for statistical comparisons.
The acceleration records from each experimental session were examined with spectral analysis to identify the location of peaks in the power density spectrum. This was done with fast Fourier transformation and a customized commercial software package (CED Spike2). For this analysis, the acceleration was sampled at 1,000 Hz. The fast Fourier transformation block size was 1,024 points, corresponding to an approximate bin width of 0.98 Hz. Separate spectral analyses were performed on the middle 4 s of the shortening and lengthening contractions in each trial. The power spectrum for each phase was derived from the average of seven contiguous data blocks that overlapped by one-half block size.
Statistical Analysis
A two-factor ANOVA was used to compare the 1-RM load and the MVC force between groups (young vs. old) and between genders (men vs. women). A three-factor ANOVA with a repeated-measures design (2 factors between and 1 factor within) was used to compare the constant-force-and constant-load-dependent variables between groups and genders, across target forces and loads (repeated measures), and the interactions. When the gender factor was collapsed within the groups, a two-factor ANOVA with a repeatedmeasures design (1 factor between and 1 factor within) was used to compare the dependent variables for the constantforce task between groups, across target forces, and the interactions. Similarly, a three-factor ANOVA (1 factor between and 2 factors within) was used to compare the constant-load-dependent variables between the groups, across the loads and phases (shortening and lengthening contractions), and the interactions. An ␣ level of 0.05 was chosen for all comparisons. When significant effects were found, TukeyKramer post hoc tests were performed to determine the location of the effect. All results are reported as means Ϯ SE.
RESULTS
The results from this study extended our previous work (18, 23, 25) by examining a greater range of forces, evaluating anisometric contractions, and assessing the role of coactivation as a mechanism that could contribute to the decline in performance with age. We found that the old adults were less steady than the young adults when performing submaximal isometric and anisometric contractions with the first dorsal interosseous muscle and that the old but not the young subjects were less steady when performing lengthening contractions compared with shortening contractions. Although the old adults tended to coactivate the antagonist muscle more often during these tasks, there were no associations between the difference in steadiness and the amount or the pattern of coactivation.
Isometric Steadiness
The MVC force was not statistically different for the old and young subjects or between men and women (Table 1) . Additionally, there were no significant differences between group or gender for the AEMG of the agonist (first dorsal interosseus) or antagonist (second palmar interosseus) muscles during the MVC task (Table 1) .
Representative records from a young and an old subject performing the constant-force task, which involved an isometric contraction, are shown in Fig. 1 , A and C, respectively. The fluctuations in force were quantified as the SD and as the coefficient of variation. There was no effect of gender within the young or old groups on any of the measures of steadiness (coefficient Values are group means Ϯ SE; n, no. of subjects. Average amplitude of the full-wave rectified electromyogram (AEMG) activity in first dorsal interosseus (FDI) was obtained in 14 young and 15 old adults. AEMG activity in second palmar interosseus (SPI) was obtained in 10 young and 9 old adults. MVC, maximal voluntary contraction; 1-RM, 1 repetition maximum. * P Ͻ 0.05 compared with young women, old men, and old women. of variation: gender main effect, P ϭ 0.62; age ϫ gender ϫ force interaction, P ϭ 0.76) or muscle activity (first dorsal interosseus: gender main effect, P ϭ 0.98; age ϫ gender ϫ force interaction, P ϭ 0.89; second palmar interosseus: gender main effect, P ϭ 0.74; age ϫ gender ϫ force interaction, P ϭ 0.54) during the isometric contractions. Therefore, for subsequent analyses, the data were collapsed across gender for both the young and old subjects.
The SD of the force fluctuations increased as a function of target force for both the old and young subjects ( Table 2 ; young: SD ϭ 0.024 ϫ force ϩ 0.01, r 2 ϭ 0.86; old: SD ϭ 0.032 ϫ force ϩ 0.073, r 2 ϭ 0.47). The SDs at the 2.5, 5, and 50% target forces were greater for the old subjects compared with the young subjects. Post hoc analyses indicated that the SDs at the 2.5, 5, and 20% target forces were significantly lower than at the 50 and 75% target forces for both groups. Furthermore, the SD at the 50% force was lower than that at the 75% force for the young subjects. Similarly, the coefficients of variation of the force during the 2.5, 5, 50, and 75% contractions were greater for the old subjects compared with the young subjects. Post hoc tests indicated that the coefficients of variation for the old subjects at the 2.5 and 5% forces were greater than at the 20, 50, and 75% forces. For the young subjects, the coefficient of variation at the 2.5% force was greater than at the 20, 50, and 75% forces. Values are group means Ϯ SE. * P Ͻ 0.05 compared with young. † P Ͻ 0.05 compared with 20, 50, and 75%. ‡ P Ͻ 0.05 compared with 50 and 75%. § P Ͻ 0.05 compared with 75%.
The AEMG for first dorsal interosseus increased linearly as a function of target force for both groups (young: AEMG ϭ 0.93 ϫ force ϩ 2.49, r 2 ϭ 0.72; old: AEMG ϭ 0.80 ϫ force ϩ 6.69, r 2 ϭ 0.68). The relative amplitude of the AEMG for first dorsal interosseus was similar for the two groups of subjects at each target force, except at the two lowest forces (Table 2) . Post hoc comparisons indicated that the AEMG for first dorsal interosseus was greater at the 50 and 75% target forces than at the 2.5, 5, and 20% forces for the old subjects. For the young subjects, the AEMG was significantly different between all target forces, except for the comparisons between 2.5 and 5% and between 5 and 20%.
The 25 ). There were no significant differences between the old and young subjects in the AEMG for second palmar interosseus across all target forces (Table 2 ). However, there were differences within the groups as a function of target force. Post hoc analysis indicated that the AEMGs for second palmar interosseus at the 2.5, 5, 20, and 50% forces for both the old and the young subjects were significantly less than that for the 75% force.
Anisometric Steadiness
As with MVC force, there was no difference between the two age groups for 1-RM load (P ϭ 0.09). However, a two-factor ANOVA (age ϫ gender) indicated that the young men had significantly greater 1-RM values compared with the young women and both the old men and women (Table 1 ). In contrast, there was no effect of gender within either age group on the normalized acceleration fluctuations (gender main effect, P ϭ 0.23; age ϫ gender ϫ load ϫ phase interaction, P ϭ 0.46) or muscle activity (first dorsal interosseus: gender main effect, P ϭ 0.34; age ϫ gender ϫ load ϫ phase interaction, P ϭ 0.79; second palmar interosseus: gender main effect, P ϭ 0.75; age ϫ gender ϫ load ϫ phase interaction, P ϭ 1.0) during the constant-load task. Therefore, for all subsequent analyses the data were collapsed across gender for both the young and old subjects.
Representative records from a young and an old subject performing the constant-load task with anisometric contractions are shown in Fig. 1, B and D, respectively. The steadiness with which subjects could lift and lower submaximal loads was quantified as the SD of acceleration relative to the load that was lifted. As with the coefficient of variation for the constantforce task, the normalized SD of acceleration declined as a function of load for both groups of subjects (Table  3) . For both groups of subjects, the normalized acceleration fluctuations during the shortening and lengthening contractions were greater with the 2.5 and 5% loads compared with the respective higher loads. The old subjects had significantly greater normalized acceleration fluctuations than the young subjects for both the shortening (lifting the load) and lengthening (lowering the load) contractions with the three lightest loads (2.5, 5, and 20%) and during the lengthening contractions with the 50% load. Furthermore, the old subjects were less steady when performing the lengthening contractions compared with the shortening contractions with every load except 75%. Conversely, the young subjects were less steady with the shortening contractions compared with the lengthening contractions with both the 50 and 75% loads.
To assess the EMG activities of the first dorsal interosseous and second palmar interosseous muscles during the anisometric contractions, we used two approaches. First, the AEMGs (normalized to the AEMG obtained during the MVC task) were determined for 150 consecutive epochs and during the middle 0.5 s of the shortening and lengthening contractions. Second, we examined the experimental records on a magnified time scale (1-s duration) to determine whether the pattern of activation was characterized by alternating bursts of the first dorsal and second palmar interosseous muscles.
Average EMG. The ensemble AEMG activity for the agonist muscle (first dorsal interosseus) during the constant-load task involved a progressive increase in the amplitude during the shortening contraction and a progressive decrease during the lengthening contraction (Fig. 2) . The AEMG for first dorsal interosseous at the transition from the shortening to the lengthening contraction increased as a function of load. For the antagonist muscle (second palmar interosseus), the AEMG was relatively constant during the lifting of the load but increased gradually when the load was lowered by a lengthening contraction of first dorsal interosseus. These average patterns were consistent in the young subjects across all loads. In the group of old subjects, however, the amplitudes of the activation patterns of the first dorsal interosseous muscle were more variable, as shown by the amplitude of the SE bars in Fig. 2 . For example, the normalized AEMG for the first dorsal interosseous in the old subjects lifting the 2.5% load reached ϳ50% at the transition from the shortening to the lengthening contraction. This was due, primarily, to two old subjects whose AEMGs peaked at 78 and 149%, respectively, whereas the range of peaks was 19-55% for the other old subjects when lifting the 2.5% load. For these two subjects, the peak AEMGs increased as a function of load to 83 and 170% with the 75% load. These differences were not associated with differences in the displacement of the index finger, average velocity of the movement, or the steadiness of the contractions. Moreover, the AEMG patterns for the second palmar interosseous muscle in those two subjects were not different from the patterns exhibited by the other subjects.
The AEMG during the middle 0.5 s for the shortening and lengthening contractions increased as a function of load for the first dorsal interosseus muscle (Fig.  3A) . The AEMG for first dorsal interosseus was less during the lengthening contraction compared with the shortening contraction for both groups of subjects ( Figs. 1 and 3A) . The AEMG for the first dorsal interosseus muscle was greater for the old subjects compared with the young subjects for the shortening and lengthening contractions with the 2.5 and 5% loads. The old subjects also had greater activation of second palmar interosseus than the young subjects during the shortening contractions with the 50 and 75% loads (Fig. 3B) . Although the activation of second palmar interosseus at the 2.5, 5, and 20% loads tended to be greater for the old adults, the differences were insignificant (2.5%: P ϭ 0.10; 5%: P ϭ 0.07; 20%: P ϭ 0.08). During the lengthening contractions, the old adults had greater activation of second palmar interosseus compared with the young subjects across all loads. Furthermore, the old subjects activated second palmar interosseus more during the lengthening contractions compared with the shortening contractions at the 2.5, 5, and 50% loads. For the young subjects, the AEMG of second palmar interosseus during the lengthening contractions was greater than that during the shortening contractions across all loads. Despite these differences in the time course and magnitude of the AEMG, the amount of coactivation for second palmar interosseus was not associated with differences in steadiness (Fig. 4) . With the exception of the lengthening contractions that were used to lower light loads (2.5 and 5%; Fig. 4B ), there was considerable overlap between the young and old subjects in the distribution of the normalized SD of acceleration (Fig.  4) . Nonetheless, although some of the old subjects used similar levels of coactivation as the young subjects, many coactivated second palmar interosseus to a greater extent. For example, compare the distributions for the 75% load (Fig. 4, C and D) , which show considerable overlap for the young and old subjects in the normalized SD of acceleration (steadiness) but not in the AEMG of second palmar interosseus. Although the distributions of SDs for the light-load lengthening contractions had minimal overlap (Fig. 4B) , the magnitude of the coactivation was similar to that used during the shortening contractions. On the basis of these comparisons, it appears that average levels of coactivation of second palmar interosseus did not contribute significantly to the differences in the steadiness of the anisometric contractions.
Patterns of EMG activity. Although the time course for the AEMG of second palmar interosseus was reasonably consistent during the constant-load task (Fig.  2) , the subjects exhibited three distinct patterns (Fig.  5) . Each subject consistently used a selected pattern across all loads. The first strategy involved minimal activation of second palmar interosseus during both the shortening and lengthening phases of the contractions (Fig. 5A) . The young subjects used this strategy most often (8 of 10 subjects), compared with only 1 old subject. The second pattern, which was used by four old subjects and one young subject, involved a progressive increase in AEMG for second palmar interosseus muscle throughout the contraction (Fig. 5B) . The third pattern, which was used by four old subjects and one young subject, comprised a marked and sustained in- crease in the amplitude of second palmar interosseus at the start of the lengthening phase (Fig. 5C) .
When the EMG records were examined closely, we observed alternating bursts of activity in the agonist and antagonist muscles (Fig. 6) , as has been reported previously for slow finger movements (32) . This pattern of activity was found in the records of 5 of 10 young and 7 of 9 old subjects and more often during trials with the 2.5 and 5% loads than with the higher loads. The greater occurrence of this activation pattern in the group of old subjects, however, did not appear to be related to differences in the steadiness of the shortening and lengthening contractions. For example, the normalized SD of acceleration for the old subjects who exhibited the bursting pattern with the 2.5% load during the shortening contractions was 2.68 Ϯ 0.27 m ⅐ s Ϫ2 /kg compared with 3.49 Ϯ 1.23 m ⅐ s Ϫ2 /kg for those who did not. Similarly, for the lengthening contractions with the 2.5% load the normalized SD of acceleration was 6.34 Ϯ 0.97 m ⅐ s
Ϫ2
/kg compared with 5.39 Ϯ 0.59 m ⅐ s Ϫ2 /kg for those subjects who did and did not exhibit the bursting pattern, respectively. Moreover, the comparisons for the young subjects and for all subjects pooled revealed the same results. On the basis of these findings, it seems that the occurrence of alternating activity in the agonist and antagonist muscles did not contribute to the steadiness of the shortening and lengthening contractions.
Spectral Analysis of Acceleration
The fluctuations in acceleration were characterized with a spectral analysis (Fig. 7) , which enabled an examination of the frequency composition of the acceleration as a function of load, contraction type, and age. Because the integral of a power spectrum corresponds to the time-domain variance in the amplitude of the signal (21, 29) , the analysis focused on a qualitative comparison of the shapes of the power spectra. Although there was a systematic change in the distribution of power with load, the shapes of the power spectra were similar for the two types of contractions, and there were only minor differences between the two age groups.
In general, the shape of the power spectrum for acceleration comprised either a single low-frequency peak (5-12 Hz) or a low-frequency peak in combination with elevated power at higher frequencies. The spectra with a single low-frequency peak (Fig. 7A) were associated with the lightest loads (2.5 and 5%) for the shortening and lengthening contractions of both the young and old subjects. There was no difference due to age in the frequency at which the peak occurred. As the load increased to moderate levels (20 and 50%), an additional peak emerged at intermediate frequencies Fig. 6 . Example of alternating activity of FDI and SPI muscles in an old subject performing a lengthening contraction with the 2.5% load. Traces depict, from top to bottom, EMGs of FDI and SPI muscles, acceleration of the index finger, and index finger displacement. This pattern of activation was found in the experimental records of 5 of 10 young subjects and 7 of 9 old subjects but was not related to the steadiness of shortening and lengthening contractions, as indicated by normalized SD of acceleration. Fig. 7 . Power density spectra for acceleration during anisometric shortening contractions. A: power density spectrum for a young subject performing a shortening contraction with 2.5% load. B: power density spectrum for a young subject performing a lengthening contraction with 20% load. C: power density spectrum for a young subject performing a lengthening contraction with 75% load. Records represent the average of 3 trials for each load. (Fig. 7B) , again for both contractions and age groups. For five of the old subjects, however, this additional peak first appeared when lifting the 5% load. At the highest load (75%), the low-frequency peak was usually diminished and accompanied by a broad elevation of power at higher frequencies (Fig. 7C) .
DISCUSSION
The main findings were that the old adults were less steady than the young adults when exerting low forces and lifting light loads with a hand muscle. The old adults were most unsteady when lowering light loads with lengthening contractions. There was no association, however, between steadiness and coactivation of the antagonist muscle (second palmar interosseus), neither in its average amplitude nor in alternating activation of the agonist and antagonist muscles.
Although we typically find a difference in strength for first dorsal interosseus between young and old adults (18, 23, 25) , there was no difference in MVC force or 1-RM load between the two groups in the present study. Whereas most studies report that the muscles of older adults are weaker (20) , there is substantial variability in motor performance such that some old adults are comparable to young adults (7, 24, 26) . The finding of no difference in MVC force or 1-RM load, therefore, is probably a consequence of this variability. Nonetheless, the absence of a difference in strength underscores the interpretation that differences in steadiness and strength are not related.
Isometric Steadiness
As our laboratory has reported previously (18, 23, 25) , old adults have a reduced ability to exert steady abduction forces with the index finger. The inability of the old subjects to maintain a steady isometric force was most pronounced at the lowest target forces (2.5 and 5% MVC force), but they were also less steady at one of the two highest forces (50% MVC force). Although the AEMG for the first dorsal interosseus muscle was greater for the old subjects at the two lowest forces, there was no difference between the two groups of subjects in the AEMG at the highest forces (Table 2) . Similarly, there were no group differences in the AEMG for second palmar interosseus across loads during the isometric contractions (Table 2) . Furthermore, the AEMG for second palmar interosseus increased as a function of target force, whereas the normalized force fluctuations decreased. These comparisons suggest that the differences in the force fluctuations between the young and old subjects during the constant-force task could not be explained by the net muscle activity of the agonist or antagonist muscles.
Anisometric Steadiness
Old adults were less steady than young adults when lifting submaximal inertial loads. These movements were performed slowly and involved a position-matching task in which a constant load was lifted with a shortening contraction and lowered with a lengthening contraction. Not only were the old adults less steady than the young adults, as indicated by the normalized SD of acceleration, but they were also less steady when they performed lengthening contractions compared with shortening contractions (Fig. 2 ). These differences were observed at all loads (2.5, 5, 20, and 50% 1-RM) except the 75% load.
The greatest differences in steadiness between the young and old subjects during the anisometric contractions were for the lightest loads (Table 2) . When these light-load tasks were performed, the old subjects used greater activation of both the agonist and antagonist muscles (Fig. 3) . Furthermore, coactivation of second palmar interosseus during both the shortening and lengthening contractions was greater at all loads for the old subjects compared with the young subjects, although not statistically significant during the shortening contractions at 2.5, 5, and 20% of 1-RM load. Because the antagonist muscle exerts a force in the opposite direction to the agonist muscle, the quantity of motor unit activity in the agonist muscle must have been greater in the presence of coactivation. Accordingly, larger motor units would likely have been recruited in the presence of coactivation. Nonetheless, the distributions for SD and AEMG for second palmar interosseus (Fig. 5) indicated that there was no association between steadiness and the average level of coactivation of the antagonist muscle during the anisometric contractions.
Although the differences in steadiness were not related to the AEMG for second palmar interosseus, the old subjects did use more coactivation during the shortening and lengthening contractions (Figs. 3 and 4) . For example, 8 of 9 old subjects but only 2 of 10 young subjects coactivated second palmar interosseus to a significant degree during the lengthening contractions (Fig. 5) . These patterns were consistent for a subject across the different trials and loads. Because the AEMG may not be sensitive enough to reveal more subtle features of motor unit activity, we inspected the trials at a magnified time scale for evidence of bursting behavior. As has been shown previously (32) , the slow finger movements performed in the present study were characterized by alternating bursts of activity of the agonist and antagonist muscles. However, we did not observe any qualitative differences between the young and old subjects that would explain the differences in steadiness.
Spectral Analysis of Acceleration
Examination of the frequency content of movementrelated signals, such as displacement, acceleration, force, and EMG, has often been used to identify selected neurophysiological details of a behavior (19, 28, 29) . The most common application has been to study physiological and pathological tremor (9, 12) . In healthy adults, for example, the power density spectrum during the performance of a postural task is characterized by a peak power in the frequency range of 8-12 Hz (13, 31) . Similarly, when individuals per-form isometric contractions, either against a rigid restraint or an elastic load, the fluctuations in force are characterized by a peak in the power density spectrum at 8-12 Hz (1, 5, 22, 28) and possibly at 20 and 40 Hz (29) . These oscillations are known as physiological and action tremor, respectively (9) . Accordingly, whether an individual performs a postural task or an action involving an isometric contraction, a prominent peak in the 8-to 12-Hz band of the spectrum is regarded as indicative of tremor (15, 19, 29) .
Similarly, the fluctuations in force and acceleration during the tasks examined in the present study exhibited a peak in the power density spectrum at [8] [9] [10] [11] [12] Hz. This raises the question of whether steadiness is simply a more general description of tremor-related activity? The spectral data suggest that steadiness and tremor are not manifestations of the same mechanism. For example, Vallbo and Wessberg (32) found that when subjects performed slow extension and flexion movements with a finger about the metacarpophalangeal joint, the spectra for acceleration were dominated by an 8-to 10-Hz peak. This peak was present in the spectra for all loads that were used, up to ϳ10% MVC, as we found in our study (Fig. 7A) . The frequency at which the peak occurs in physiological tremor, however, decreases as the load on the limb increases (19, 31) . In contrast, the fluctuations in acceleration included increased power in the range of 20-35 Hz when our subjects lifted moderate loads (Fig. 7B) . Furthermore, the amplitude and symmetry of the oscillations are different for tremor and slow movements (3, 32) and there is often little association between the magnitude of various tremors and the impairment of functional activities (2, 4, 12) .
Mechanisms Contributing to Differences in Steadiness
When steadiness is quantified as the fluctuations in force or acceleration, old adults are often less steady than young adults, and lengthening contractions performed by old adults are usually less steady than their shortening contractions. The physiological mechanisms that could account for these differences in steadiness include the characteristics of the most recently recruited motor units and the relative activation of the agonist and antagonist muscles. For the tasks examined in this study, differences in steadiness between young and old adults appear to be minimally influenced by the pattern of activity in the agonist and antagonist muscles.
For the isometric contractions, the reduced steadiness in old adults does not appear to be caused by either enhanced levels of coactivation or reciprocal activation of the antagonist muscle. Furthermore, training-related adaptations suggest that the larger force fluctuations exhibited by old adults, at least for low forces, are not attributable to the use of motor units with larger peak-to-peak forces (23) . In contrast, our laboratory has found a strong association at low forces between the force fluctuations and the variability in the discharge rate of motor units (25) . At a target force of 2.5% MVC, for example, the coefficient of variation for motor unit discharge was 18% for young adults and 34% for old adults. Furthermore, simulated variations in short-term synchronization among motor units indicated a causative association between discharge rate variability and the coefficient of variation of force (34) . However, it is unknown whether motor unit discharge is more variable at higher forces, where we found differences in steadiness in the present study.
Similarly for the anisometric contractions, the difference in steadiness between the young and old adults does not appear to be attributable to enhanced levels of coactivation or differences in alternating activity of the agonist and antagonist muscles. Alternatively, the difference in steadiness of anisometric contractions is likely due to the characteristics of the most recently recruited motor units. A comparison of the shortening and lengthening contractions provides some insight into the significant factors. Because the lowering of a constant load, which involves a lengthening contraction, is accomplished with a reduced level of motor unit activity (Figs. 1, 2 , and 3A), differences in motor unit size and discharge rate would enhance the fluctuations in acceleration (16) .
When subjects lifted light loads, the average discharge rate of motor units in first dorsal interosseus declined from 15.7 Hz for a shortening contraction to 10.5 Hz for the subsequent lengthening contraction for young subjects and from 17.0 to 13.3 Hz for old subjects (25) . Although such reductions in discharge rate would cause a significant decline in the fusion of motor unit force, there was no difference in steadiness between the shortening and lengthening contractions performed by the young subjects. In contrast, there was a strong association between the steadiness of anisometric contractions and the coefficient of variation of motor unit discharge (25) . At a target force of 2.5% MVC, for example, the coefficient of variation for the old adults was 33% for the shortening contraction and 43% for the lengthening contraction, compared with 17 and 20%, respectively, for the young adults. Alternatively, the increased size or the decreased number of motor units in first dorsal interosseus with advancing age (18, 27) could increase the fluctuations in acceleration due to a greater relative contribution of individual motor units to the net force (17) . However, our laboratory has previously found that abolition of the difference in steadiness of isometric contractions between young and old adults after 4 wk of strength training was not associated with changes in the spike-triggered average force of low-threshold motor units (23) or, presumably, with the number of functioning motor units. Taken together, these findings suggest that the discharge variability of motor units may be the most significant factor contributing to differences in steadiness of submaximal contractions.
In summary, old adults were less steady with submaximal isometric and anisometric contractions with a hand muscle. They were least steady when performing lengthening contractions with light loads. These differences in steadiness were not associated with differ-ences in the average level of agonist or antagonist EMG or in alternating activation of the agonist and antagonist muscles.
